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Abstract


This study investigates the full penetration simulation of piles from the ground surface, focusing on frictional contact modeling without mesh distortion. To overcome issues related to mesh distortion and improve solution convergence, the Arbitrary Lagrangian–Eulerian (ALE) adaptive mesh technique was implemented within both explicit and implicit time integration schemes. The numerical model was validated against field experiments conducted at Bothkennar, Scotland, using the Imperial College instrumented displacement pile (ICP) in soft clay, where the soil behavior was effectively represented using the modified Cam-Clay model and the Mohr–Coulomb model. The primary objectives of this study are to evaluate the ALE method performance in handling mesh distortion; analyze the effects of soil–pile interface friction, pile dimensions, and various dilation angles on pile resistance; and compare the effectiveness of explicit and implicit time integration schemes in terms of stability, computational efficiency, and solution accuracy. The ALE method effectively modeled pile penetration in Bothkennar clay, validating the numerical model against field experiments. Comparative analysis revealed the explicit time integration method as more robust and computationally efficient, particularly for complex soil–pile interactions with higher friction coefficients.
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1. Introduction


Pile foundations are commonly used to support structures on soft soils. Load transfer between pile and soil occurs primarily through frictional contact at the interface. Significant soil deformations and sliding can occur at this interface during pile installation [1,2,3,4].



The calibration chamber model pile [5,6,7] and field experiments [8,9,10,11,12,13,14,15] yielded satisfactory outcomes in terms of the stress and strain distributions induced during installation in soil. These empirical findings demonstrate a superior predictive capacity compared to theoretical solutions, which fail to adequately forecast such an installation process. Owing to the constrained quantity of sensors positioned in proximity to the pile shaft, stress and strain data are confined to discrete regions, rendering it challenging to experimentally acquire comprehensive, large-scale assessments of the soil characteristics enveloping the pile. Consequently, computational techniques can yield precise and economically viable resolutions to these challenges, thereby enhancing the analysis of experimental outcomes and improving the precision of stress and strain distribution estimations [16].



The process of installing piles into the ground can significantly deform the surrounding soil caused by frictional contact and large deformation, which can negatively impact the accuracy of finite element models. To address this issue, researchers have employed numerical methods like the Coupled Eulerian–Lagrangian (CEL) method [17,18,19,20,21,22] and the Arbitrary Lagrangian–Eulerian (ALE) method [23,24,25,26], as well as the Material Point Method (MPM) [27,28]. These methods have been demonstrated to be effective in mitigating the challenges associated with large deformations during pile installation.



Traditional finite element methods using Lagrangian formulations often struggle with severe mesh distortion during pile penetration simulation, leading to numerical instabilities and solution divergence [29]. The Arbitrary Lagrangian–Eulerian (ALE) method has emerged as a promising solution to overcome these limitations. Originally developed for fluid dynamics applications [30], the ALE has gained traction in solid mechanics, particularly in geotechnical applications involving large deformations [31]. The ALE method allows the mesh to move independently of the material, which prevents excessive distortion. This is achieved by defining a fixed reference mesh and moving computational meshes. The material is then mapped onto the computational mesh at each time step. ALE-based finite element models have been successfully used to analyze problems involving large deformations in geotechnical engineering.



Although previous studies have demonstrated the potential of the ALE method in geotechnical applications, a comprehensive comparison of its performance across different time integration schemes is still required. The choice between explicit and implicit time integration schemes significantly influences simulation stability, accuracy, and computational efficiency [32,33]. This decision becomes particularly crucial when modeling complex soil–pile interactions involving frictional contact [16,34].



Well-documented field tests, particularly those conducted at Bothkennar, Scotland, using the Imperial College instrumented displacement pile (ICP) in soft clay, have provided valuable data for validating numerical models [35]. These experiments have become a benchmark for evaluating the effectiveness of different numerical approaches in simulating pile installation processes. Notably, Rezania et al. [36] implemented the cavity-expansion method (CEM), while Tan et al. [37] employed a small-strain numerical approach known as the press–replace method (PRM). More recently, Li et al. [38] applied the zipper technique, initially developed by Mabsout and Tassoulas [39]. Nevertheless, across all these studies, a comprehensive simulation of the full penetration of a pile from the ground surface using frictional contact at the interface was not achieved.



The present study aims to bridge existing knowledge gaps by implementing the ALE method to simulate the entire pile penetration process from the ground surface to the target depth. Validation of the numerical models is carried out through comparison with field data derived from a jacked pile test conducted in soft clay at Bothkennar, Scotland. This research includes assessing the effectiveness of the ALE formulation, implemented within both explicit and implicit time integration schemes, in handling mesh distortion. Additionally, it also evaluates the stability, accuracy, and computational efficiency of the integration solutions when modeling pile installation. Furthermore, this study examines the effect of pile dimensions and various dilation angles on pile resistance, as well as the influence of the friction coefficient at the soil–pile interface on the total resistance of a pile.




2. Contact Kinematics


Contact kinematics play a key role in the analysis of pile installation processes. Therefore, the basics of the normal and frictional contact constraints used in this work are introduced in this section. Two elastic bodies   M ω   ( ω  = 1, 2) shown in Figure 1 come into contact, where   Γ ω   is the boundary of a body   M ω  .    x ω  = φ  (  X ω  , t )    indicates the position coordinates at time t in deformed configuration   φ (  M ω  )   and    X ω  = φ  (  X ω  , 0 )    denotes the position coordinates of the reference configuration   M ω   at time 0, where   u ω   is the displacement field:


   x ω  =  X ω  +  u ω   



(1)




  φ :  M ω  → φ  (  M ω  )    is designated as the deformation mapping, which describes the transformation of the body   M ω   from its initial configuration to its deformed configuration [40]. Observe in Figure 1 that within the reference configuration, the positions   X 1   and   X 2   corresponding to the two distinct material points of bodies   M 1   and   M 2  , respectively, are capable of coinciding at an identical position   φ (  X 1  , t )   =   φ (  X 2  , t )   in the deformed configuration during the deformation process.



The normal vector   n 1   corresponds to body   M 1  , while   g n   represents the gap or penetration distance between   M 1   and   M 2  .


   g n  =  (  x 2  −  x 1  )  ·  n 1   



(2)







2.1. Normal Conditions


The usual approach for handling normal contact in mechanics is to consider it as a problem of unilateral contact when two solid bodies are in contact. Signorini conditions are used to express unilateral contact in three conditions [41], as illustrated in Figure 2:


   g n  ≥ 0 ,   σ n  ≥ 0 ,   σ n  ·  g n  = 0  



(3)








	
No penetration occurs                      g n  ≥ 0  



	
Compressive contact stress              σ n  ≥ 0  



	
The normal contact stress   σ n   exists only when the surfaces are in contact (   g n  = 0  ) and    σ n  = 0   when the surfaces are separated (   g n  > 0  ). These complementary conditions are formulated as    σ n  ·  g n  = 0  .









2.2. Contact with Friction


The tangential stress at the contact interface can be split into two actions, which can be either negative or positive. In the beginning, force F does not cause any tangential displacement in the region of contact. This behavior is known as adherence; see Figure 2. The next action caused by force F is related to a tangential displacement in the contact interface, representing what is called sliding [41]. The friction law of Coulomb for isotropic contact and friction is written as follows:




	
Contact with adherence


   |   σ t   | < μ   σ n   and   u t  = 0  



(4)







	
Contact with slip


   |   σ t   | = μ   σ n   and   |  u t  |  > 0  



(5)




where  μ  is the coefficient of friction,   σ t   and   u t  , respectively, are the tangential contact stress and the tangential displacement.










3. Numerical Methods


3.1. Numerical Time Integration Schemes


The choice between explicit and implicit time integration schemes plays a crucial role in solving dynamic problems. The general equation of motion is given by the following:


  M  u ¨  + C  u ˙  + K u = F  ( t )   



(6)







At a discrete time    t  n + 1   =  t n  + Δ t  , Equation (6) can be written as


  M   u ¨   n + 1   + C   u ˙   n + 1   + K  u  n + 1   =  F  n + 1    



(7)




where  M  is the mass matrix,  C  is the damping matrix,  K  is the stiffness matrix,  u  is the displacement vector, and   F ( t )   is the external force vector. The solution of Equations (6) and (7) by explicit or implicit time integration is discussed in the following.



3.1.1. Explicit Time Integration


The explicit method computes the state at time   t  n + 1    directly from the known information at time   t n  . It does not require solving a system of equations. By using the central difference scheme, the displacement at time step   t  n + 1    is given by


   u  n + 1   =  u n  + Δ t   u ˙  n  +    Δ  t 2   2     u ¨  n   



(8)







The acceleration vector    u ¨  n   at time   t n   is obtained as follows:


    u ¨  n  =  M  − 1    (  F n  − C   u ˙  n  − K  u n  )   



(9)







And at time   t  n + 1   ,


    u ¨   n + 1   =  M  − 1    (  F  n + 1   − C   u ˙   n + 1   − K  u  n + 1   )   



(10)







The velocity is updated using the average of accelerations at   t n   and   t  n + 1   :


    u ˙   n + 1   =   u ˙  n  +    Δ t  2    (   u ¨  n  +   u ¨   n + 1   )   



(11)







The acceleration    u ¨   n + 1    is then computed by solving Equation (7) [42]:


    u ¨   n + 1   =   M +    Δ t  2   C   − 1     F  n + 1   −    Δ t  2   C   u ¨  n  − K  u  n + 1     



(12)







The stability condition for explicit schemes is governed by the Courant–Friedrichs–Lewy (CFL) condition:


  Δ t ≤ Δ  t  c r   =    L  m i n    C d     



(13)




where   L  m i n    represents the smallest dimension of an element in the mesh, while   C d   denotes the dilatational wave speed.



Since no system of equations is solved, the explicit method is computationally efficient for each time step but may require a large number of time steps due to small   Δ t  .




3.1.2. Implicit Time Integration


In implicit schemes, such as the Newmark- β  method [43], the state at time   t  n + 1    is obtained by solving a system of equations that considers both the known state at time   t n   and the unknowns at time   t  n + 1   . The displacement and velocity updates are given by the following:


     u  n + 1      =  u n  + Δ t   u ˙  n  +    Δ  t 2   2    [  ( 1 − 2 β )    u ¨  n  + 2 β   u ¨   n + 1   ]      



(14)






      u ˙   n + 1      =   u ˙  n  + Δ t  [  ( 1 − γ )    u ¨  n  + γ   u ¨   n + 1   ]      



(15)







The constants  β  and  γ  define the integration method behavior and are user-selectable. The Newmark method imposes limits on these parameters:   0 ≤ β ≤ 0.5   and   0 ≤ γ ≤ 1   [42].



The acceleration and velocity at   t  n + 1    can be expressed in terms of the unknown displacement vector   u  n + 1    and known values at   t n   [42]:


    u ¨   n + 1   =  α 1   (  u  n + 1   −  u n  )  −  α 2    u ˙  n  −  α 3    u ¨  n   



(16)






    u ˙   n + 1   =  α 4   (  u  n + 1   −  u n  )  +  α 5    u ˙  n  +  α 6    u ¨  n   



(17)




where the constants   α i   are defined as


     α 1     =   1  β   ( Δ t )  2     ,      α 2     =   1  β Δ t     ,     α 3     =   1  2 β    − 1       α 4     =   γ  β Δ t    ,      α 5     = 1 −   γ β   ,      α 6     = Δ t  1 −   γ  2 β         











To solve for the state at   t  n + 1   , these approximations (16) and (17) are substituted into Equation (7):


     R  (  u  n + 1   )  = M  [  α 1   (  u  n + 1   −  u n  )  −  α 2    u ˙  n  −  α 3    u ¨  n  ]        + C [  α 4   (  u  n + 1   −  u n  )  +  α 5    u ˙  n  +  α 6    u ¨  n  ]       + K  (  u  n + 1   )  −  F  n + 1   = 0     



(18)







This Equation (18) is typically solved with the iterative Newton method.



Both approaches address nonlinear problems; however, their numerical formulations differ. Explicit methods are particularly effective for problems involving short-duration events or highly frictional contact conditions. Explicit methods are advantageous because of their computational efficiency in parallel processing and their robustness against convergence difficulties. In contrast, implicit methods are more suitable for genuinely quasi-static problems, where the need for accurate equilibrium solutions and the ability to utilize larger time steps justify their higher computational cost per step.





3.2. Arbitrary Lagrangian–Eulerian Method


Based on the virtual work principle, when a virtual displacement field   δ u   satisfies the boundary displacement requirements [44], equilibrium is achieved if


      ∫ V  δ  ε T  σ d V +  ∫ V  δ  u T  ρ  u ¨  d V −  ∫ V  δ  u T  b d V  −  ∫ S  δ  u T  R d S       +  ∫  Γ c    (  σ n  δ  g n  +  σ t  δ  g t  )  d S = 0     



(19)




where  σ  is the Cauchy stress tensor,  ρ  is the density,   δ ε   indicates the variation of the strain tensor derived from the virtual displacements,   u ¨   is the acceleration vector,  R  is the distributed force acting on the boundary  S  of the volume  V ,  b  is the body force vector,   Γ c   is the boundary where contact occurs,   σ n   and   σ t   are, respectively, the normal and tangential stresses at the contact surface, and   δ  g n    and   δ  g t    are, respectively, the virtual normal and tangential gaps.



Equation (19) is solved incrementally in nonlinear analyses by mapping variables onto a known configuration, either the initial state or the configuration at time t. The Updated Lagrangian (UL) formulation refers to the most recent (i.e., current) equilibrium configuration at each time step, while the Total Lagrangian (TL) formulation uses the reference (i.e., original) configuration at   t = 0  . The UL formulation is preferred for situations with large-slip contact.



In the situation of large deformation analysis, using the Lagrangian formulations will inevitably result in severe mesh distortion, reduce the precision of the analysis, or also lead to a negative Jacobian. Separating the material displacements and mesh is one way to prevent mesh distortion. As a result, material points and mesh nodes move in an arbitrary manner [45]. This technique is the core concept of the ALE method. This method integrates the benefits of Eulerian and Lagrangian formulations.



The Eulerian and Lagrangian approaches are the two basic approaches to problems involving the motion of deformable materials [33]. The material points move with the mesh nodes in a Lagrangian description, as shown in Figure 3. Severe mesh deformation can occur because the mesh deforms with the material. The mesh is fixed in space in the Eulerian description, while the material moves through. Because the mesh is fixed, there is no mesh distortion, as presented in Figure 3.



The ALE method proposed in this study is based on the operator-split technique [46]. This approach adds a further Euler step after each UL step [31]. In the UL step, Equation (19) can be solved using the UL method. But it is likely that the mesh will be distorted at the end of the UL step due to the material points being advected along with the mesh nodes. Then comes the Euler step in which a new mesh is created for the distorted mesh, maintaining the original topology while preventing element deformation. After that, all the kinematic and static parameters from the prior mesh are transferred into the current mesh.





4. Validation of the Numerical Model


4.1. Field Experiments


First, the numerical models of jacked piles are validated using data collected from field experiments conducted in Bothkennar, Scotland. These experiments were conducted using the Imperial College instrumented displacement pile (ICP), which was tested in a soft and sensitive marine clay soil [35]. Comprehensive geotechnical investigations were conducted using sampling methodologies, laboratory analyses, and in situ testing procedures to assess the underground conditions. The stratigraphic profile observed at depths ranging from 1 to 6 m revealed a soil composition of soft black silty mottled clay with occasional silt laminae. This primary stratum is overlaid by a weathered firm crust approximately 1 m thick. In situ investigations at the site involved vertical measurements of stress and excess pore pressure using piezometers. Lehane [35] conducted a series of pile installation tests using instrumented steel tubular piles with a diameter of 102 mm, featuring a cone-shaped end with a 60° angle. The piles were pushed into the ground at a constant rate of 10 mm/s, with each push resulting in a 200 mm penetration followed by a pause. They were installed from the bottom of a 1 m deep cased hole to final depths of either 3.2 or 6 m, as illustrated in Figure 4. Three instrument clusters were strategically positioned along the lower 3 m of the pile. These clusters were equipped with various sensors designed to measure the axial load, radial stress, shear stress, and pore pressure, as shown in Figure 4. The specific instrumentation configuration was in accordance with the methodology detailed by Bond [47]. The pile test results were categorized based on their timing during pile installation (jacking), during post-installation as stresses stabilized, and during load testing to failure. In this paper, this validation focuses specifically on the pile jacking phase findings.




4.2. Finite Element Model


The results presented in this study were obtained using the commercial finite element software ABAQUS. Figure 5 illustrates the axisymmetric two-dimensional geometry of the numerical model deployed in pile installation, along with a schematic representation of soil stratification. Figure 5 shows that the water table is located 1 m below the ground surface. The analysis used an axisymmetric soil domain with dimensions of 3 m in radius (approximately 60 times the pile radius) and 8 m in depth, which was considered sufficient for this study. The simulated pile possessed a radius of 0.051 m and an overall length of 6 m. Its tip featured a conical geometry with an apex angle of 60°, which conformed to the specifications of the ICP [47]. The soil nodes on the right were allowed to move vertically, while those at the bottom boundary remained fixed. The axis of symmetry was located on the left boundary, as depicted in Figure 5.



For both the pile and soil domains, the mesh was discretized using four-noded axisymmetric quadrilateral elements. To account for pore pressure effects, four-node axisymmetric elements with pore pressure degrees of freedom (CAX4P) were used for the soil domain. Considering the influence of mesh size on solution convergence and to mitigate computational expense alongside geometric and material nonlinearities, the approach implemented adheres to the methodology used in studies by Sheng [16] for selecting an appropriate mesh size for the soil and pile.



To examine the influence of mesh size on analysis accuracy, three distinct scenarios were developed based on element dimensions. The element size was progressively increased with distance from the axis of symmetry. The ALE method was applied within a localized region extending four radii (4R) from the pile–soil interface to mitigate mesh distortion in the finely discretized domain. The radial thickness of the soil elements beneath the pile tip was defined as follows:




	
Fine mesh: Approximately half of the pile shaft radius.



	
Medium mesh: Equal to the pile shaft radius.



	
Coarse mesh: Two times the pile shaft radius.








If the thickness of the soil elements beneath the pile tip is less than half of the pile shaft radius, numerical instability arises, preventing solution convergence. The considered three scenarios are outlined in Table 1 and shown in Figure 6.



The Coulomb friction law is employed to model constitutive behavior at the soil–pile interface, using the penalty method for contact treatment. Soil–pile interfaces are discretized using the node-to-segment (NTS) approach. Sheng et al. [2] originally described the NTS approach, which involves master segments on the pile and slave nodes on the soil interface. The primary advantage of NTS discretization is its ability to accommodate both small and large strains, including significant relative sliding at the contact area. In this study, soil properties were derived from the study of Rezania et al. [36]. The dry crust layer, extending from the surface to a depth of 1 m, was modeled using the Mohr–Coulomb material model. The remaining depth of the soil represents the lower layer, which consists of Bothkennar Clay and was represented using the Modified Cam-Clay model. The material properties utilized in the analyses are summarized in Table 2. The steel pile was represented as a linear elastic material characterized by a volumetric weight of 7750 kg/m³, a Young’s modulus of 210 GPa, and a Poisson’s ratio of 0.3.



In all analyses of this study, the pile is initially located above the ground surface. Two steps are used to model this example.



Firstly, a geostatic analysis was performed where the pile would be primarily situated above the soil surface. Before installing the pile, gravity loading is used to establish the initial in situ stress states in the soil. The lateral stress coefficients and soil unit weights that govern these initial stresses were specified as   K 0   = 0.5. The pile is then progressively inserted into the clay.



An implicit solver was adopted to simulate the entire pile installation procedure in Bothkennar clay. Small load increments were used in the analysis. Due to the significant nonlinearities arising from frictional contact, large deformation, and elastoplasticity, obtaining convergence to a stable solution presents a major challenge in this type of numerical analysis. To resolve the governing nonlinear system of equations, the Newton iteration procedure was implemented.




4.3. Results and Discussion


In this section, the numerical analysis results are compared with the field experimental data. The graphs illustrate how mesh size affects the solution, as well as the pile-end bearing capacity and radial total stress during installation, along with the experimental measurements. To provide context, the instruments are referenced by their distance from the pile tip   ( h )   normalized by the pile radius   ( R )  . Graphs of the radial total stress   σ r   measured during installation at   h / R   ratios of 8 and 28 are included.



4.3.1. Mesh Size Effect


The present study, as shown in Figure 7, investigates the influence of mesh size on pile-end bearing capacity during the installation of the pile. The total stresses in the upper nodes of the pile were assessed. The results show a clear correlation between mesh refinement and the accuracy of the stress predictions. The coarse mesh consistently overestimated the stress values, particularly at greater depths, and exhibited pronounced oscillations that may not accurately reflect the actual pile behavior. The medium mesh offered an intermediate level of accuracy with reduced oscillations compared to the coarse mesh. The fine mesh demonstrated the most reliable stress predictions, as it was characterized by minimal oscillations and a smoother stress distribution.



The oscillations observed in the numerical modeling of pile penetration depend on several factors. Among them, the oscillations are significantly influenced by the size of soil elements used in the mesh discretization—with the amplitude of oscillations proportional to the element size, finer meshes lead to less-pronounced oscillations. The presence of sharp corners or transition points on the geometry of the penetrating pile is a major contributor [2], as soil nodes passing these points experience sudden changes in contact stress directions, causing drops in the vertical reaction force [16]. The NTS approach plays a pivotal role, particularly when applied in conjunction with linear segments representing the pile surface; it is directly associated with the oscillations due to its strong projection of contact constraints. Furthermore, the choice of the penalty parameter can influence oscillations [2], as high penalty values stiffen the contact area and causing smooth oscillations even with a smoothed pile tip.




4.3.2. Pile-End Bearing Capacity


Figure 8 presents a comparative analysis of the pile-end bearing capacity between numerical simulations and experimental measurements during jacked pile installation in Bothkennar Clay. The fine mesh was preferred in this analysis, due to its superior reliability in accurately. The numerical results (solid line) closely align with the experimental data (dashed line), demonstrating that the numerical model can capture the stress response at varying depths. However, discrepancies may arise due to differences in installation procedures. The numerical analysis assumes continuous pile installation from 0 to 6 m, whereas the experimental setup involved pre-drilling the uppermost 1 m layer. This variation could influence the stress development near the interface between the weathered crust and the clay stratum, potentially explaining the deviations in the early stages of pile penetration. Nonetheless, the overall agreement suggests the numerical model effectively replicates the end-bearing stress behavior observed in the experiment.




4.3.3. Radial Total Stress During Installation


Figure 9 shows a comparison between experimental tests and numerical analysis results for radial total stress   σ  r i    during pile installation, where stress values are plotted against displacement. The numerical results (solid lines) and experimental data (dashed lines) are presented at two normalized distances from the pile tip:   h / R   = 8 (blue lines) and   h / R   = 28 (red lines).



At   h / R   = 8, the numerical and experimental stress values align closely, with both peaking at approximately 68 kPa at a displacement of around 1.4 m, followed by a gradual increase to 172 kPa at a displacement of 5.6 m, indicating a strong correlation. At   h / R   = 28, the numerical results slightly overestimate the stress compared to the experimental data, starting at around 68 kPa and rising to 132 kPa at 5.6 m displacement, whereas the experimental data start from 25 kPa and reach approximately 125 kPa, suggesting a divergence of about 6%. Overall, the numerical model effectively captured the trend of the radial total stress, with a better match at   h / R   = 8 than at   h / R   = 28, highlighting the influence of the distance from the pile tip on the radial total stress distribution during installation.



In summary, the modified Cam-Clay model provides a satisfactory approximation of Bothkennar Clay behavior during pile installation. A notable correlation between the predicted and measured values suggests that the proposed model is capable of accurately simulating pile penetration into the soil from the ground surface to the designated depth, when utilizing the implicit time integration scheme.



The discrepancies between the experimental and numerical results can be attributed to various factors. One approach to improving accuracy would be to refine the mesh elements. However, this could lead to distortion and increased computational cost. To address this issue, adaptive mesh refinement was proposed and applied to regions of high interest in explicit and implicit time schemes. Additionally, the application of the ALE method in explicit and implicit time integration has been investigated to mitigate mesh distortion and enhance solution convergence.






5. ALE Method in Explicit and Implicit Time Integration


As shown in the previous section, pile installation in Bothkennar soil layers was successfully executed from the surface to the designated depth, using Modified Cam-Clay (MCC) and Mohr–Coulomb (MC) constitutive models for validation through numerical analysis. While the results exhibited a strong correlation, several limitations were identified, including the impediment that prevented reduction in the soil element thickness beneath the pile tip to less than half of the pile shaft radius—this is due to significant deformations, elastoplastic behavior, and frictional contact at the pile–soil interface. Key challenges included severe distortion of soil elements near the penetrating pile. Moreover, the friction coefficient presented notable constraints for validating the numerical model. To address these computational challenges, the ALE re-meshing method was implemented across explicit and implicit time integration schemes. This approach was selected to mitigate soil element distortion, facilitate the application of appropriate friction coefficients, accurately represent pile–soil interface behavior, and reduce computational demands. The present investigation provides a comparative analysis of the ALE method across explicit and implicit time integration schemes. This study investigates pile behavior under sandy soil conditions by examining various pile dimensions and soil–pile interface friction coefficients, and the effect of dilation angle on pile resistance. The numerical analyses were conducted under dry soil conditions, deliberately excluding pore water pressure considerations from the scope of investigation.



5.1. Numerical Model


The numerical model incorporates the essential pile geometry parameters, soil domain boundaries, and material characteristics. Two different pile diameters, 1 m and 0.5 m, were considered in the model, with the pile length set to 10 times the diameter (10D), where D represents the pile diameter. The soil domain boundaries were established at horizontal and vertical distances of 10D and 20D, respectively, based on research conducted by Dijkstra [48]. Regarding boundary conditions, the bottom boundary was configured with fixed nodes, and vertical displacement was permitted along the right boundary. The left boundary was designated as the axis of symmetry, and the complete geometric configuration and boundary conditions are illustrated in Figure 10.



The constitutive behavior of both the pile and soil domains was represented through the Mohr–Coulomb model, with constituent material properties listed in Table 3 [49]. The analyzed pile comprised a concrete structure with a circular cross-section and a closed-end configuration, whereas the soil medium was represented by Baskarp sand.



The model of pile penetration into sandy soil is axisymmetric. Various types of elements are employed to suit distinct solution schemes. The explicit analysis uses four-node bilinear axisymmetric quadrilateral elements with reduced integration and hourglass control (CAX4R), whereas the implicit analysis implements linear quadrilateral axisymmetric elements with four integration points (CAX4). These elements are applied to both the soil and pile elements. The original finite element mesh is shown in Figure 11.



The numerical analysis was conducted in two stages identical to the validation numerical model. Initially, the soil was subjected to an analysis to determine the initial in situ stress states. Subsequently, the penetration process commenced from the ground surface. In the explicit solver, a constant downward vertical velocity of 250 mm/s was imposed. In contrast, within the implicit solver, the pile is inserted into the soil to a depth of 9D by imposing prescribed displacements at the pile top nodes.



The mesh refinement strategy incorporates soil elements with radial dimensions equivalent to one-fifth of the pile radius in the vicinity of the pile, to optimize computational efficiency. For the ALE method, the remeshing sweep per increment and frequency are both set to five.



The soil–pile interaction is modeled through a master–slave contact formulation, where the pile surface acts as the master surface and the deformable soil medium constitutes the slave surface in a node-to-surface contact approach. For the contact property, the tangent behavior was specified using the penalty method for each of the respective schemes. As for the normal behavior, hard contact was used in the case of an explicit analysis, and the penalty method was added in implicit analysis. The penalty value is defined as   10 5   kN/m3. The soil–pile interface behavior in these models is governed by the penalty method for contact enforcement and the law of Coulomb friction for constitutive response. The interface friction coefficient  μ  is parametrically varied between 0 and 0.3 to assess its influence on pile resistance response.




5.2. Results and Discussion


5.2.1. Deformation of the Mesh at Different Depths of Installation


Figure 11 presents the displacement of a pile with a diameter of 0.5 m at different depths, as determined through a simulation using the ALE method. A soil–pile interface friction coefficient of 0.3 was applied. The ALE method is implemented within a soil domain that extends 2D in width from the axis of symmetry and 10D in length. This domain size was selected to optimize computational efficiency while maintaining analysis accuracy. The results indicate that the pile was accurately modeled from the soil surface to the target depth without inducing substantial mesh distortion, highlighting the efficacy of the ALE method in remeshing. Furthermore, Figure 11 illustrates that, as predicted by the Mohr–Coulomb model under shear, the dilatancy behavior leads to a notable increase in soil volume during pile penetration when considering the dilation angle   ψ = 8 °  , as observed at depth of 9D. The compression of the mesh resulting from pile installation further indicated that substantial radial and vertical deformations were predominantly localized within the initial column of soil elements adjacent to the pile.




5.2.2. Effect of Dilation Angle on Pile Resistance


Figure 12 illustrates the effect of the dilation angle ( ψ ) on the pile resistance during jacked installation in sand, comparing   ψ = 0 °   and   ψ = 8 °   with a pile–sand interface friction coefficient of 0.3. The results show that the pile resistance is significantly higher when   ψ = 8 °   (dashed line) compared to   ψ = 0 °   (solid line). This can be attributed to the fact that higher dilation angles reduce the ability of the sand to expand freely, increasing the confining stress around the pile and enhancing the shaft resistance. In contrast, when   ψ = 0 °  , the sand dilates more readily under shear, leading to lower confinement and reduced pile resistance. This indicates that dilation plays a crucial role in controlling the skin friction and overall bearing capacity of the pile.




5.2.3. Effect of Pile Dimensions on Pile Resistance


Figure 13 illustrates the total resistance   (  Q t  )   encountered during pile installation for two different pile diameters, 1.0 m (red line) and 0.5 m (blue line). The total resistance consists of two main components [50], the pile-end resistance   (  Q c  )   and the shaft friction resistance   (  Q s  )  , which follow the relationship    Q t  =  Q c  +  Q s   . The 1.0 m diameter pile consistently showed higher total resistance compared to the 0.5 m pile throughout the installation depth, reaching approximately 6.0 MPa and 4.5 MPa, respectively. Thus, the larger pile is approximately 33% greater than the smaller one.



This significant difference can be explained through both components of the resistance. For the cone resistance   (  Q c  )  , the larger pile has four times the base area    A L  = 0.785   m2 compared to the smaller pile, which had the base area    A S  = 0.196   m2, which directly increased the pile-end resistance.



For the shaft friction resistance component   (  Q s  )  , a larger length creates twice the shaft surface area along the pile length, combined with a constant friction coefficient of 0.3, which enhances skin friction. The larger pile also displaces more soil during installation, leading to greater soil disturbance and higher lateral Earth pressure against the pile surface, which significantly impacts pile resistance.




5.2.4. Influence of Soil–Pile Interface Friction on Pile Resistance


Figure 14 presents a comparative analysis of explicit and implicit time integration schemes within the ALE method for soil–pile interaction, emphasizing the role of shaft friction resistance in overall pile resistance. The results demonstrate that increasing the friction coefficient ( μ ) from 0.0 to 0.3 leads to a progressive rise in total pile resistance. Explicit simulations (solid lines) exhibit oscillatory behavior but successfully compute results up to   μ = 0.3  , whereas the implicit scheme (dashed lines) ensures smoother curves but fails at   μ = 0.3   due to numerical instability. Notably, for   μ = 0.2  , the explicit approach predicts a resistance approximately 35% higher than the   μ = 0.0   case, while the implicit counterpart estimates around a 30% increase.



The oscillations observed in Figure 14 are more pronounced in explicit analyses than in implicit analyses, where such oscillations are notably subdued. The ALE method helps reduce mesh distortion and allows for finer meshes, which lessens these oscillations, but they can still be noticed. A primary factor in these oscillations, beyond the influence of mesh element size, is the presence of sharp corners or vertices on the master surface, such as the transition between the tip and the shaft of a pile. Implementing a smooth discretization of the master surface in the contact algorithm employed in implicit analyses substantially diminishes the oscillations in pile resistance compared to the use of linear segments. However, such smooth discretization is not feasible in the contact algorithm of explicit analyses, which relies on a kinematic contact method. Furthermore, oscillations arise in explicit analyses from high-frequency modes that are inadequately damped, owing to the absence of inherent numerical damping.



Based on these meticulous observations, one can conclusively determine that the ALE method exhibits superior performance when coupled with explicit time integration schemes, particularly in terms of numerical stability and mitigating potential computational issues. Although the implicit scheme provides ostensibly smoother solutions, its pronounced limitation at higher friction coefficients strongly suggests that the explicit scheme may represent a more robust approach for modeling frictional soil–pile interactions using the ALE method, notwithstanding its characteristic oscillatory behavior. This result highlights the critical influence of shaft friction resistance on pile behavior.



Interface soil–pile behavior according to Coulomb’s law for frictional contact problems is manifested in three distinct states—contact with adherence, contact with slip, and non-contact—as described in Section 2.



Figure 15 illustrates the variation of normal and tangential contact stresses as a function of pile displacement for both explicit and implicit time integration schemes, considering a friction coefficient of 0.2 and a pile with a diameter of 0.5 m.



In implicit time integration, within the range of 0 to 0.2 m, non-contact is observed between the soil and the pile, as indicated by    σ n  = 0  . Beyond 0.2 m, up to the completion of pile installation, contact is established between the soil and pile, with    σ n  > 0  . Within this interval, both the normal and tangential contact stresses reach their maximum values at a depth of 3.9 m, where    σ n  = 250   kPa and    σ t  = − 50   kPa. Given that    |   σ t   | = μ   σ n   , contact with slip occurs within this range, thus satisfying the Coulomb friction law.



Similarly, when using explicit time integration, non-contact is observed between the soil and the pile from 0 to 0.2 m, as    σ n  = 0  . For depths exceeding 0.2 m until the end of pile installation, contact is established with    σ n  > 0  , as seen in Figure 15. The maximum values of the normal and tangential contact stresses were recorded at a depth of 4.15 m, where    σ n  = 206   kPa and    σ t  = − 41   kPa. Because    |   σ t   | = μ   σ n   , contact with slip is present within this interval, which conforms to the Coulomb friction law.



Although the two methods exhibit a slight difference due to their use of a different contact property, both effectively capture the interface behavior between the soil and pile. The validation of Coulomb’s friction law verifies the accurate representation of the soil–pile interface behavior in the numerical model of pile installation.




5.2.5. Computational Efficiency


The computational performance analysis of pile penetration simulation using the ALE adaptive mesh method revealed significant distinctions between explicit and implicit time integration schemes shown in Table 4. The numerical simulations were conducted with a friction coefficient of 0.1, conducted on a Lenovo laptop equipped with an AMD Ryzen 5500 processor operating at 2.1 GHz and 8 GB RAM. The explicit time integration scheme completed the analysis in 370 s, requiring 106,051 increments, whereas the implicit scheme required 1569 s with 10,014 increments to solve the problem. This disparity arises from fundamental differences in their formulations. Explicit schemes, leveraging diagonalized mass matrices and avoiding iterative solutions, achieves low computational cost per increment despite necessitating small time steps for stability in the installation of pile. Conversely, implicit schemes, while permitting larger steps due to unconditional stability, demand costly matrix inversions and iterative solutions per increment, significantly increasing the time per step. For this simulation, explicit efficiency dominates because the problem inherently requires small increments to resolve frictional contact and large deformation nonlinearities, underscoring the suitability of the explicit method for nonlinear problems with ALE adaptive meshing.






6. Conclusions


In this research, the ALE method was effectively applied to model the complete penetration of a pile from the ground surface. The simulation included the frictional contact between the soil and pile. The numerical pile penetration model was initially validated against field experiments conducted for Bothkennar clay using the ICP.



The MCC model adequately captured the behavior of Bothkennar clay during pile installation, with good agreement between the measured and calculated values. This validation confirmed the model’s capability to simulate pile penetration from surface to target depth using implicit time integration techniques. Some discrepancies between the experimental and numerical results were observed, which were addressed through mesh refinement strategies.



A comparative analysis of the ALE method implementation in explicit and implicit time integration schemes revealed several key findings:




	
The ALE method effectively addressed mesh distortion challenges in both the explicit and implicit schemes without significant computational overhead.



	
The computational results from both explicit and implicit schemes indicate that higher interface friction coefficients consistently yield greater total resistance values. Furthermore, the findings indicate that an increase in pile dimension is associated with an enhancement in its overall resistance, primarily due to optimization of the pile-end and shaft friction resistances.



	
The explicit time integration scheme demonstrated superior stability and robustness, particularly in cases involving higher friction coefficients, despite characteristic oscillations in the solutions. While the implicit scheme produced smoother solutions, it showed limitations at higher friction coefficients, suggesting reduced effectiveness under complex soil–pile interaction conditions.



	
A higher dilation angle (  ψ = 8 °  ) enhances pile resistance by increasing the confining and shaft stress, whereas a lower dilation angle (  ψ = 0 °  ) leads to reduced confinement and lower resistance. These findings align with fundamental principles of soil mechanics, where dilation contributes to increased shear strength and resistance due to volumetric constraints, thereby enhancing the pile resistance.



	
The explicit method exhibited lower CPU time requirements, compared to the implicit approach.








These findings establish the ALE method as a viable approach for simulating pile penetration problems, with the explicit time integration scheme emerging as a more robust choice for challenging soil–pile interaction scenarios.
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Figure 1. Configurations of two bodies come into contact. 
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Figure 2. Laws of contact and friction. (a) Normal conditions. (b) Contact with friction. 
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Figure 3. Undeformed and deformed configurations of the body in Lagrangian and Eulerian formulations. 
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Figure 4. Pile configurations [35]. 
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Figure 5. Geometry and boundary conditions of the axisymmetric validation model. 
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Figure 6. Meshes with different sizes. (a) Coarse. (b) Medium. (c) Fine. 
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Figure 7. Influence of mesh sizes on accuracy of solution. 
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Figure 8. Numerical analysis and experimental data for pile-end bearing stress at varying depth. 
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Figure 9. Comparison between field experiment data and numerical analysis results for radial total stress during installation. 
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Figure 10. Geometry of the axisymmetric model. 
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Figure 11. Original and deformed meshes at varying penetration depths. (a) Original. (b) At 2.25D. (c) At 4.5D. (d) At 9D. 
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Figure 12. Effect of dilation angle (  ψ = 0 °   and   ψ = 8 °  ) on pile resistance with pile–sand interface friction coefficient of 0.3. 
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Figure 13. Effect of pile dimensions on results. 
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Figure 14. Influence of friction coefficient on pile resistance. 
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Figure 15. Influence of friction coefficient on soil–pile interface. (a) Implicit time integration. (b) Explicit time integration. 
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Table 1. Mesh properties.
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	Mesh
	Element Sizes (m)
	Total N Elements





	Coarse
	0.1
	425



	Medium
	0.05
	1249



	Fine
	0.025
	3862










 





Table 2. Pile and soil properties used in the numerical modeling [36].
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Property

	
Value






	
Weathered Firm Crust




	
Elastic modulus (MPa)

	
3




	
Poisson’s ratio,  ν 

	
0.2




	
Cohesion (kPa)

	
6




	
Friction angle,  ϕ 

	
30°




	
Dilation angle,  ψ 

	
0°




	
Dry unit weight (kg/m3),   γ d  

	
1900




	
Bothkennar Clay




	
  λ  

	
0.3




	
Poisson’s ratio,  ν 

	
0.2




	
  κ  

	
0.02




	
M

	
1.5




	
Initial void ratio,   e 0  

	
2




	
Permeability (m/s), k

	
   5.96 ×  10  − 5     




	
OCR

	
1.5




	
Lateral stress coefficient,   K 0  

	
0.5




	
Saturated unit weight (kg/m3),   γ  s a t   

	
1650











 





Table 3. Pile and soil properties used in the numerical model.
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Property

	
Value






	
Pile




	
Elastic modulus (GPa)

	
25




	
Poisson’s ratio,  ν 

	
0.3




	
Soil




	
Elastic modulus (MPa)

	
10




	
Poisson’s ratio,  ν 

	
0.3




	
Cohesion (kPa)

	
1




	
Friction angle,  ϕ 

	
37°




	
Dilation angle,  ψ 

	
0–8°




	
Density (kg/m3),  γ 

	
1700











 





Table 4. Computational efficiency in explicit and implicit schemes.
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	Schemes
	CPU Time (s)
	Increments





	Explicit
	370
	106,051



	Implicit
	1569
	10,014
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